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The first evidence of events consistent with the production of a single top quark in association with a
photon is reported. The analysis is based on proton-proton collisions at
ffiffi
s
p ¼ 13 TeV and recorded by
the CMS experiment in 2016, corresponding to an integrated luminosity of 35.9 fb−1. Events are selected
by requiring the presence of a muon (μ), a photon (γ), an imbalance in transverse momentum from
an undetected neutrino (ν), and at least two jets (j) of which exactly one is identified as associated
with the hadronization of a b quark. A multivariate discriminant based on topological and kinematic event
properties is employed to separate signal from background processes. An excess above the background-
only hypothesis is observed, with a significance of 4.4 standard deviations. A fiducial cross section is
measured for isolated photons with transverse momentum greater than 25 GeV in the central region of the
detector. The measured product of the cross section and branching fraction is σðpp → tγjÞBðt → μνbÞ ¼
115 17ðstatÞ  30ðsystÞ fb, which is consistent with the standard model prediction.
DOI: 10.1103/PhysRevLett.121.221802
The study of top quark production in association with a
photon is an important test of the standard model (SM)
description of top quark interactions with gauge bosons,
and plays an important role in the search for physics
beyond the SM. The cross section for single top quark
production in association with a photon is sensitive to the
top quark charge, and to its electric and magnetic dipole
moments [1,2].
The cross section for the production of a top quark-
antiquark pair and an associated photon (tt̄þ γ) has been
measured by the CDF Collaboration at the Fermilab




[3], and by the ATLAS and CMS Collaborations in proton-
proton (pp) collisions at the CERN LHC at 8 TeV [4,5].
All measurements are consistent with SM predictions.
The SM predicts three different mechanisms for the
production of a single top quark in association with a
photon at the LHC: t-channel, s-channel, and tW pro-
duction, where the largest contribution comes from the
t channel. This Letter presents first evidence for single top
quark production in association with a photon in the




p ¼ 13 TeV and correspond to an inte-
grated luminosity of 35.9 fb−1. One of the distinctive
signatures of the signal is the presence of a forward
light-flavor energetic jet in the final state that arises from
the spacelike nature of theW boson propagator. The search
targets events with a top quark, a photon, and at least one
additional light-flavor jet, (tγj) where the top quark decays
into a W boson and a b quark, followed by the W boson
decay into a muon and a neutrino. Figure 1 shows represen-
tative Feynman diagrams for the process tγj including
the leptonic decay of the W boson produced in the top
quark decay.
This analysis focuses on the muon decay channel since it
enables a good signal selection efficiency with low back-
ground contamination. The final state includes possible
contributions from W → τντ where the τ lepton decays to
μνμντ. The kinematic and topological properties of the
signal are exploited through a multivariate technique to
discriminate against the background processes. The back-
ground can be divided into two types: events which contain
a genuine photon, such as tt̄þ γ, Wγ þ jets, and Zγ þ jets
and events in which the photon candidate arises from a
misidentified jet, such as tt̄, W þ jets, and Z þ jets
processes.
The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. A silicon pixel and strip tracker, a
lead tungstate crystal electromagnetic calorimeter (ECAL),
and a brass and scintillator hadron calorimeter, each
composed of a barrel and two end cap sections, are
contained within the superconducting solenoid volume.
Extensive forward calorimetry complements the coverage
provided by the barrel and end cap detectors. Muons are
detected in gas-ionization detectors embedded in the steel
*Full author list given at the end of the Letter.
Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
PHYSICAL REVIEW LETTERS 121, 221802 (2018)
0031-9007=18=121(22)=221802(18) 221802-1 © 2018 CERN, for the CMS Collaboration
flux-return yoke outside the solenoid. Online event selec-
tion is accomplished via the two-tiered CMS trigger system
[6]. A more detailed description of the CMS detector,
together with a definition of the coordinate system and
kinematic variables used in this analysis, can be found
in Ref. [7].
Simulated samples for the tγj signal are generated at
next-to-leading order (NLO) using the MADGRAPH5_
AMC@NLO v 2.2.2 event generator [8], with a minimum
transverse momentum requirement of pT > 10 GeV and a
pseudorapidity requirement of jηj < 2.6 for the associated
photon. The angular separation between the photon and
all other particles is required to be ΔR > 0.05, whereffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2
p
and ϕ is the azimuthal angle in radians.
The NNPDF3.0 [9] parton distribution functions (PDFs)
are used and the top quark mass is set to 172.5 GeV. After
these requirements, an inclusive cross section of 2.95
0.13 0.03 pb is obtained, where the first uncertainty is
associated with the renormalization and factorization scales
and the second uncertainty with the PDFs. These uncer-
tainties are derived using the SYSCALC program [10].
Samples of simulated events for the production of tt̄þ γ,
W þ jets, Wγ þ jets, Drell-Yan events, Zγ þ jets, and
dibosonþ γ are generated at NLO using MADGRAPH5_
AMC@NLO. Single top quark events in t, s, and tW
channels, as well as tt̄ events, are generated with the
NLO POWHEG v2 event generator [11–14]. The overlaps
between the tγj signal sample and the tj inclusive sample,
and between Vγ þ jets and V þ jets samples are removed,
where V is a W or Z boson.
Showering and hadronization for all of the simulated
samples are implemented with PYTHIA v8.212 [15,16] with
the underlying event tune CUETP8M1 [17]. To match the
generated events with PYTHIA v8.212 parton shower, the
FxFx [18] and the MLM [19] prescriptions are used.
The CMS detector response for all simulated samples is
modeled using GEANT4 v9.4 [20]. The simulated samples
include the presence of additional pp interactions in the
same or neighboring bunch crossings (pileup). The dis-
tribution of pileup events in simulation is weighted to
match that observed in data.
The particle-flow (PF) algorithm [21] is used for the
identification and reconstruction of individual particles in
an event using a combination of information from all
subdetectors. It identifies each reconstructed particle as a
muon, an electron, a photon, a neutral or a charged hadron.
Data samples are selected based on a single-muon trigger,
requiring a muon with pt > 24 GeV and jηj < 2.4. Events
are required to have a well-reconstructed primary vertex
which is identified as the one with the largest value of
summed particle p2T [22]. The simulated events are
weighted in order to reproduce the reconstruction and
trigger efficiencies in data.
Jets are reconstructed from the PF candidates using the
anti-kT algorithm [23] with a distance parameter R ¼ 0.4,
implemented in the FASTJET package [24]. Corrections are
applied to the jet energy to subtract the contribution from
pileup interactions. Jets are tagged as associated to the
hadronization of b quarks (b jets) using secondary vertex
algorithm, which combines the secondary vertex and track-
based lifetime information [25]. The working point chosen
for the algorithm, corresponds to a b tagging efficiency of
70%, and misidentification rates of 1% and 15% for light
quark jets and c jets, respectively [25]. Events are required
to have at least two jets with pT > 40 GeV, one of which
must be b-tagged with jηj < 2.5 and another must lie within
the range jηj < 4.7.
Events are required to contain exactly one isolated muon
with pT > 26 GeV and jηj < 2.4. The isolation is calcu-
lated from the reconstructed charged and neutral PF
candidates and is corrected for pileup effects [26]. In order
to reduce the contribution of background processes with
multiple leptons in the final state, events containing addi-
tional muon candidates satisfying loose selection criteria or
containing electron candidates are rejected [26].
Photon candidates are built from clusters of high-energy
deposits in the ECAL. Photon identification depends on
isolation and shower shape variables which reflect the
energy dispersion in η, and is described in detail in
Ref. [27]. The effects of pileup on the isolation variables
are accounted for [28].
A conversion-safe electron veto algorithm [27] is used to
reject electrons. It discards events containing a track with
an energy deposit in the innermost layer of the pixel
detector which is not connected to a reconstructed con-





























FIG. 1. Representative t-channel Feynman diagrams for single top quark production in association with a photon, including the
leptonic decay of the W boson produced in the top quark decay.
PHYSICAL REVIEW LETTERS 121, 221802 (2018)
221802-2
are required to have exactly one isolated photon candidate
with pT > 25 GeV and jηj < 1.44.
The missing transverse momentum pmissT is defined as the
negative vector sum of the momenta of all reconstructed PF
objects in the transverse plane. The magnitude of pmissT is
required to be larger than 30 GeV.
In order to select well-isolated objects, the photon is
required to be separated from the b jet, the light-flavor jet,
and any muon candidates by ΔRðX; γÞ > 0.5, where X
stands for μ, b jet, or light-flavor jet. The angular separation
between the muon candidate and jets is required to satisfy
ΔRðμ; jetsÞ > 0.3. The signal region is defined as the region
where all the requirements described above are satisfied.
The top quark is reconstructed using the muon, the b jet
candidate, and pmissT where the transverse momentum of the
neutrino, which escapes detection, is assumed to be equal to
pmissT . The longitudinal component of the neutrino momen-
tum is obtained by constraining the invariant mass of the
muon and the neutrino to the W boson mass, resulting in a
quadratic equation. When the two solutions are real, the one
with smaller absolute value is taken, while when the
solutions are complex the real part is taken [29]. The top
quark momentum is reconstructed by combining the
momenta of the b jet and of the reconstructed W boson.
The backgrounds from Wγ þ jets, Zγ þ jets,
dibosonþ γ, s, and tW channel single top quark with a
photon production are estimated using simulation. The
contribution of the misidentified photon background is
estimated from the measurement of the pT-dependent
probability for a jet to be reconstructed as a photon using
the method described in Refs. [30,31]. The misidentification
probability is calculated based on the near independence of
the shower shape and photon isolation variables, which
permits the factorization of the misidentification probability
and hence its estimation outside the signal region.
Several sources of uncertainties are considered in this
estimation. The first comes from the definition of the
sideband region and is due to possible correlations between
the photon shower shape and photon isolation, that are
assumed to be independent. The second source is due to the
small contribution of genuine photons in the sideband
region, which is estimated from simulation. The last source
of uncertainty arises from the limited number of events
available in the various photon pT bins considered in the
estimation of the background from misidentified jets.
The uncertainties in the lepton trigger, reconstruction,
and identification efficiencies are evaluated using Drell-
Yan events [26,32,33]. The uncertainties from the photon
selection efficiency and photon energy scale are obtained
using Z → eþ þ e− events. The photon energy scale
uncertainty is found to be 1% [34,35]. The uncertainty
from pileup modeling is evaluated by varying the total pp
inelastic cross section by 4.6% [36] and reweighting the
simulation accordingly. The uncertainties in the jet energy
resolution and jet energy scale (JES) [37,38], and pmissT are
also considered. The b jet identification and misidentifi-
cation corrections are applied as a function of the pT and η
of the jet [25]. The systematic uncertainty in the integrated
luminosity is estimated to be 2.5% [39]. The uncertainties
in the Wγ þ jets, Zγ þ jets, VVγ, and single top quark
contributions are based on the CMS measurements from
Refs. [31,40,41,42], respectively. Several sources of uncer-
tainties in the signal modeling are taken into account. The
uncertainty from the variations of renormalization and
factorization scales is estimated by comparing the simu-
lated samples with scales halved and doubled with respect
to the initial value. The uncertainty from the PDF choice is
evaluated using the replicas of the NNPDF3.0 PDF set. The
uncertainty from parton shower modeling and hadroniza-
tion is obtained by comparing the results derived from
PYTHIA v8.212 and HERWIG++ v2.3 [43].
After the selection, the total number of observed events
is 2535 of which 2401 178 events are expected from the
SM background in absence of tγj signal, where the
uncertainty includes both the statistical and systematic
components. The expected number of signal events from
the SM is 154 24. The dominant background is tt̄þ γ,
and amounts to 55% of the total background yield. Event
yields in data and simulation for all background processes
are presented in Table I where the tt̄þ γ yield and its
uncertainty are predicted from simulation.
The SM prediction for the signal is much smaller than
the background, so it is important to optimize the separa-
tion between signal and background events. A multivariate
classification approach, based on a boosted decision tree
(BDT) [44,45], is used. The BDT input variables in
decreasing order of importance are (i) η of the light-flavor
jet, (ii) cos θ, which is the cosine of the angle between the
muon candidate and the light-flavor jet in the top quark rest
frame, (iii) η of the muon candidate, (iv) ΔR (light-flavor
jet, γ), (v) reconstructed top quark mass mμνb, (vi) jet
multiplicity, (vii) transverse mass of the reconstructed W
boson, and (viii) muon charge. The distributions of some
of the most important BDT input variables for data and SM
TABLE I. Event yields after the event selection in data and for
each SM contribution. The expected yields are presented with
their statistical and systematic uncertainties combined.
Process Event yield
tt̄þ γ 1401 131
Wγ þ jets 329 78
Zγ þ jets 232 55
Misidentified photon 374 74
tγ (s and tW channel) 57 8
VVγ 8 3
Total background 2401 178
Expected signal 154 24
Total SM prediction 2555 180
Data 2535
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predictions after the event selection are presented in Fig. 2,
where the hatched band indicates the overall uncertainty on
the SM predictions. It includes a sizable statistical compo-
nent besides the systematic uncertainties, which are all
propagated to the final results.
The BDT is trained to distinguish signal from
background and provides a single discriminant value
for every event. The BDT output distribution in data is
parametrized as
FðxÞ ¼ CsigSsigðxÞ þ Ctt̄γStt̄γðxÞ þ CWγjSWγjðxÞ
þ CZγjSZγjðxÞ þ CmisidSmisidðxÞ þ CBSBðxÞ; ð1Þ
where x is the BDT output, SsigðxÞ, SWγjðxÞ, SZγjðxÞ,
SmisidðxÞ, and SBðxÞ are the normalized distributions
(templates) for the signal, tt̄þ γ, Wγ þ jets, Zγ þ jets,
the misidentified photon background, and the sum of all
other backgrounds which includes single top quark pro-
duction and VVγ, respectively. The quantities Csig, Ctt̄γ ,
CWγj, CZγj, Cmisid, and CB are the corresponding normal-
izations from which Csig and Ctt̄γ are left free in the fit,
while the other terms are constrained by their associated
uncertainties. The different templates, SðxÞ, are taken from
simulation except for tt̄þ γ and misidentified photons. The
distribution SmisidðxÞ is obtained with the method described
above, calculating the yield as a function of BDT output.
The template Stt̄γðxÞ is estimated from data using a control
region defined by requiring exactly two b-tagged jets, while
keeping all other selection criteria the same as for the signal
region. The requirement of two b-tagged jets ensures a high
contribution from tt̄þ γ, while suppressing the contribu-
tions from all other processes. The uncertainty in the
difference of shape between events with two b-tagged
and one b-tagged jet is calculated using simulation and
accounted for as a systematic uncertainty. In addition,
SWγjðxÞ is validated in data, in a control region enriched in
Wγ þ jets events, via the substitution of the signal b jet
requirement by a b jet veto.
γlight-flavor jet, 
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FIG. 2. Distributions of some of the input variables to the BDT:ΔRðlight jet; γÞ (upper left), cos θ (upper right), η of the light-flavor jet
(lower left), andmμνb (lower right) after the final event selection in data (points), and the SM prediction (filled histograms). The hatched
band shows the statistical and systematic uncertainties in the estimated signal and background yields, and the vertical bars on the points
represent the statistical uncertainties of the data. The ratios of the data to the SM predictions are shown in the bottom panels.
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In order to extract the signal cross section and tt̄þ γ
background normalization, a simultaneous binned like-
lihood fit is performed on the BDT distribution in the
signal region and the tt̄þ γ control region. Including events
from the tt̄þ γ control region in the fit is useful to constrain
the tt̄þ γ background normalization. Each source of
systematic uncertainty is included as a nuisance parameter
in the likelihood function. The normalizations of back-
grounds except for tt̄þ γ are left free to vary within the
systematic uncertainties. A profile likelihood ratio test
statistic is constructed by generating pseudodata for the
background-only and for the signal-plus-background
hypotheses. The BDT output distribution for data and
SM prediction after the fit is shown in Fig. 3.
All of the systematic uncertainties affect both the nor-
malization of backgrounds and shape of the BDT discrimi-
nant, except those associated with the integrated luminosity,
photon energy scale, pmissT , and background rates that only
affect the normalization. The shape uncertainties have
Gaussian constraints, while rate uncertainties have log-
normal forms. The main systematic uncertainties in the
signal cross section arise from the JES, signal modeling,
normalization of Zγ þ jets, and b tagging and mistagging
rates, and amount to 12%, 9%, 8%, and 7%, respectively.
The impact of the uncertainty from each source is calculated
by performing the fit with all other nuisance parameters fixed
to their fitted values. The number of signal and tt̄þ γ events
after the fit are 220 63 and 1221 121, which both agree
with the expected yields within the uncertainties.
An excess of events above the expected background
is observed at a p value [46] of 4.27 × 10−6, which
corresponds to a significance of 4.4 standard deviations.
The median expected significance is 3.0, and the 68%
and 95% confidence level ranges for the expected signifi-
cance are [1.5, 4.0] and [0, 8.7], respectively. A fiducial
product of the cross section and branching fraction of
σðpp→ tγjÞBðt→ μνbÞ ¼ 115 17ðstatÞ  30ðsystÞ fb is
measured in the phase space defined by the photon
transverse momentum pT;γ > 25 GeV, jηγj < 1.44, and
ΔRðX; γÞ > 0.5, where X stands for μ, b jet, light-flavor
jet. The expected SM product of the cross section and
branching fraction within this fiducial phase space is
81 4 fb, in agreement with the measurement. This is
the first experimental evidence for single top quark pro-
duction in association with a photon.
We congratulate our colleagues in the CERN accelerator
departments for the excellent performance of the LHC and
thank the technical and administrative staffs at CERN and at
other CMS institutes for their contributions to the success of
the CMS effort. In addition, we gratefully acknowledge the
computing centres and personnel of the Worldwide LHC
Computing Grid for delivering so effectively the computing
infrastructure essential to our analyses. Finally, we acknowl-
edge the enduring support for the construction and operation
of the LHC and the CMS detector provided by the following
funding agencies: BMWFWand FWF (Austria); FNRS and
FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP
(Brazil); MES (Bulgaria); CERN; CAS, MoST, and NSFC
(China); COLCIENCIAS (Colombia); MSES and CSF
(Croatia); RPF (Cyprus); SENESCYT (Ecuador); MoER,
ERC IUT, and ERDF (Estonia); Academy of Finland, MEC,
and HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF,
DFG, and HGF (Germany); GSRT (Greece); OTKA and
NIH (Hungary); DAE and DST (India); IPM (Iran); SFI
(Ireland); INFN (Italy); MSIP and NRF (Republic of Korea);
LAS (Lithuania); MOE and UM (Malaysia); BUAP,
CINVESTAV, CONACYT, LNS, SEP, and UASLP-FAI
(Mexico); MBIE (New Zealand); PAEC (Pakistan);
MSHE and NSC (Poland); FCT (Portugal); JINR
(Dubna); MON, RosAtom, RAS, RFBR and RAEP
(Russia); MESTD (Serbia); SEIDI, CPAN, PCTI and
FEDER (Spain); Swiss Funding Agencies (Switzerland);
MST (Taipei); ThEPCenter, IPST, STAR, and NSTDA
(Thailand); TUBITAK and TAEK (Turkey); NASU and
SFFR (Ukraine); STFC (United Kingdom); DOE and NSF
(USA). Individuals have received support from INSF (Iran).
[1] M. Fael and T. Gehrmann, Probing top quark electromag-
netic dipole moments in single-top-plus-photon production,
Phys. Rev. D 88, 033003 (2013).
[2] S. M. Etesami, S. Khatibi, and M.M. Najafabadi,
Measuring anomalous WWγ and tt̄γ couplings using
topþ γ production at the LHC, Eur. Phys. J. C 76, 533
(2016).
FIG. 3. The BDT output distribution for data and SM pre-
dictions after performing the fit. The inset presents a closeup of
the last three bins plotted on log scale. The hatched band shows
the statistical and systematic uncertainties in the estimated signal
and background yields, and the vertical bars on the points
represent the statistical uncertainties of the data. The ratio of
the data to the SM prediction is shown in the bottom panel.
PHYSICAL REVIEW LETTERS 121, 221802 (2018)
221802-5
[3] T. Aaltonen et al. (CDF Collaboration), Evidence for tt̄γ
production and measurement of σtt̄γ=σtt̄, Phys. Rev. D 84,
031104 (2011).
[4] ATLAS Collaboration, Measurement of the tt̄γ production
cross section in proton-proton collisions at
ffiffi
s
p ¼ 8 TeV
with the ATLAS detector, J. High Energy Phys. 11 (2017)
086.
[5] CMS Collaboration, Measurement of the semileptonic
tt̄þ γ production cross section in pp collisions atffiffi
s
p ¼ 8 TeV, J. High Energy Phys. 10 (2017) 006.
[6] CMS Collaboration, The CMS trigger system, J. Instrum.
12, P01020 (2017).
[7] CMS Collaboration, The CMS experiment at the CERN
LHC, J. Instrum. 3, S08004 (2008).
[8] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M.
Zaro, The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching
to parton shower simulations, J. High Energy Phys. 07
(2014) 079.
[9] R. D. Ball et al. (NNPDF Collaboration), Parton distribu-
tions for the LHC Run II, J. High Energy Phys. 04 (2015)
040.
[10] A. Kalogeropoulos and J. Alwall, The SYSCALC code: A
tool to derive theoretical systematic uncertainties, arXiv:
1801.08401.
[11] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.
[12] S. Frixione, P. Nason, and C. Oleari, Matching NLO
QCD computations with parton shower simulations: The
POWHEG method, J. High Energy Phys. 11 (2007) 070
(2007).
[13] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: The POWHEG BOX, J. High Energy
Phys. 06 (2010) 043.
[14] J. M. Campbell, R. Keith Ellis, P. Nason, and E. Re, Top-
pair production and decay at NLO matched with parton
showers, J. High Energy Phys. 04 (2015) 114.
[15] T. Sjöstrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4
physics and manual, J. High Energy Phys. 05 (2006)
026.
[16] T. Sjöstrand, S. Mrenna, and P. Z. Skands, A brief intro-
duction to PYTHIA 8.1, Comput. Phys. Commun. 178, 852
(2008).
[17] CMS Collaboration, Event generator tunes obtained from
underlying event and multiparton scattering measurements,
Eur. Phys. J. C 76, 155 (2016).
[18] J. Alwall, S. Höche, F. Krauss, N. Lavesson, L. Lönnblad, F.
Maltoni, M. L. Mangano, M. Moretti, C. G. Papadopoulos,
F. Piccinini, S. Schumann, M. Treccani, J. Winter, and M.
Worek, Comparative study of various algorithms for the
merging of parton showers and matrix elements in hadronic
collisions, Eur. Phys. J. C 53, 473 (2008).
[19] R. Frederix and S. Frixione, Merging meets matching in
MC@NLO, J. High Energy Phys. 12 (2012) 061.
[20] S. Agostinelli et al. (GEANT4 Collaboration), GEANT4: A
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).
[21] CMS Collaboration, Particle-flow reconstruction and global
event description with the CMS detector, J. Instrum. 12,
P10003 (2017).
[22] CMS Collaboration, Description and performance of track
and primary-vertex reconstruction with the CMS tracker,
J. Instrum. 9, P10009 (2014).
[23] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kT jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.
[24] M. Cacciari, G. P. Salam, and G. Soyez, FASTJET user
manual, Eur. Phys. J. C 72, 1896 (2012).
[25] CMS Collaboration, Identification of heavy-flavour jets
with the CMS detector in pp collisions at 13 TeV, J. Instrum.
13, P05011 (2018).
[26] CMS Collaboration, Performance of the CMS muon de-




p ¼ 13 TeV, J. Instrum. 13, P06015 (2018).
[27] CMS Collaboration, Performance of photon reconstruction




p ¼ 8 TeV, J. Instrum. 10, P08010 (2015).
[28] M. Cacciari and G. P. Salam, Pileup subtraction using jet
areas, Phys. Lett. B 659, 119 (2008).
[29] CMS Collaboration, Measurement of the t-Channel Single
Top Quark Production Cross Section in pp Collisions atffiffi
s
p ¼ 7 TeV, Phys. Rev. Lett. 107, 091802 (2011).




p ¼ 7 TeV, Phys. Lett. B 701, 535 (2011).
[31] CMS Collaboration, Measurement of electroweak-induced




8 TeV and constraints on anomalous quartic gauge cou-
plings, J. High Energy Phys. 06 (2017) 106.
[32] CMS Collaboration, Measurement of Inclusive W and Z
Boson Production Cross Sections in pp Collisions atffiffi
s
p ¼ 8 TeV, Phys. Rev. Lett. 112, 191802 (2014).
[33] CMS Collaboration, Performance of electron reconstruction




p ¼ 8 TeV, J. Instrum. 10, P06005 (2015).
[34] CMS Collaboration, Measurement of the Wγ and Zγ
inclusive cross sections in pp collisions at
ffiffi
s
p ¼ 7 TeV
and limits on anomalous triple gauge boson couplings,
Phys. Rev. D 89, 092005 (2014).




p ¼ 8 and 13 TeV using jet
substructure techniques, Phys. Lett. B 772, 363 (2017).
[36] ATLAS Collaboration, Measurement of the Inelastic Pro-
ton-Proton Cross Section at
ffiffi
s
p ¼ 13 TeV with the ATLAS
Detector at the LHC, Phys. Rev. Lett. 117, 182002 (2016).
[37] CMS Collaboration, Jet algorithms performance in
13 TeV data, CMS Physics Analysis Summary, CERN,
Report No. CMS-PAS-JME-16-003, 2017, https://cds.cern
.ch/record/2256875.
[38] CMS Collaboration, Jet energy scale and resolution in the
CMS experiment in pp collisions at 8 TeV, J. Instrum. 12,
P02014 (2017).
[39] CMS Collaboration, CMS luminosity measurements for the
2016 data taking period, CMS Physics Analysis Summary
Report No. CMS-PAS-LUM-17-001, 2017, https://cds.cern
.ch/record/2257069.
[40] CMS Collaboration, Measurement of the cross section for
electroweak production of Zγ in association with two jets
and constraints on anomalous quartic gauge couplings in





p ¼ 8 TeV, Phys. Lett. B 770,
380 (2017).
[41] CMS Collaboration, Measurement of the WþW− cross
section in pp collisions at
ffiffi
s
p ¼ 8 TeV and limits on
anomalous gauge couplings, Eur. Phys. J. C 76, 401
(2016).
[42] CMS Collaboration, Cross section measurement of t-chan-
nel single top quark production in pp collisions atffiffi
s
p ¼ 13 TeV, Phys. Lett. B 772, 752 (2017).
[43] M. Bähr et al., HERWIG++ physics and manual, Eur. Phys. J.
C 58, 639 (2008).
[44] H.-J. Yang, B. P. Roe, and J. Zhu, Studies of boosted decision
trees for MiniBooNE particle identification, Nucl. Instrum.
Methods Phys. Res., Sect. A 555, 370 (2005).
[45] H. Voss, A. Höcker, J. Stelzer, and F. Tegenfeldt, TMVA, the
toolkit for multivariate data analysis with ROOT, arXiv:
physics/0703039.
[46] Statistical issues for LHC physics, Proceedings of the
Workshop, PHYSTAT-LHC, Geneva, Switzerland, 2007,
edited by A. de Roeck, L. Lyons, and H. Prosper (CERN,
Geneva, Switzerland, 2008). http://dx.doi.org/10.5170/
CERN-2008-001.
A. M. Sirunyan,1 A. Tumasyan,1 W. Adam,2 F. Ambrogi,2 E. Asilar,2 T. Bergauer,2 J. Brandstetter,2 M. Dragicevic,2 J. Erö,2
A. Escalante Del Valle,2 M. Flechl,2 R. Frühwirth,2,b V. M. Ghete,2 J. Hrubec,2 M. Jeitler,2,b N. Krammer,2 I. Krätschmer,2
D. Liko,2 T. Madlener,2 I. Mikulec,2 N. Rad,2 H. Rohringer,2 J. Schieck,2,b R. Schöfbeck,2 M. Spanring,2 D. Spitzbart,2
A. Taurok,2 W. Waltenberger,2 J. Wittmann,2 C.-E. Wulz,2,b M. Zarucki,2 V. Chekhovsky,3 V. Mossolov,3
J. Suarez Gonzalez,3 E. A. De Wolf,4 D. Di Croce,4 X. Janssen,4 J. Lauwers,4 M. Pieters,4 H. Van Haevermaet,4
P. Van Mechelen,4 N. Van Remortel,4 S. Abu Zeid,5 F. Blekman,5 J. D’Hondt,5 I. De Bruyn,5 J. De Clercq,5 K. Deroover,5
G. Flouris,5 D. Lontkovskyi,5 S. Lowette,5 I. Marchesini,5 S. Moortgat,5 L. Moreels,5 Q. Python,5 K. Skovpen,5
S. Tavernier,5 W. Van Doninck,5 P. Van Mulders,5 I. Van Parijs,5 D. Beghin,6 B. Bilin,6 H. Brun,6 B. Clerbaux,6
G. De Lentdecker,6 H. Delannoy,6 B. Dorney,6 G. Fasanella,6 L. Favart,6 R. Goldouzian,6 A. Grebenyuk,6 A. K. Kalsi,6
T. Lenzi,6 J. Luetic,6 N. Postiau,6 E. Starling,6 L. Thomas,6 C. Vander Velde,6 P. Vanlaer,6 D. Vannerom,6 Q. Wang,6
T. Cornelis,7 D. Dobur,7 A. Fagot,7 M. Gul,7 I. Khvastunov,7,c D. Poyraz,7 C. Roskas,7 D. Trocino,7 M. Tytgat,7
W. Verbeke,7 B. Vermassen,7 M. Vit,7 N. Zaganidis,7 H. Bakhshiansohi,8 O. Bondu,8 S. Brochet,8 G. Bruno,8 C. Caputo,8
P. David,8 C. Delaere,8 M. Delcourt,8 B. Francois,8 A. Giammanco,8 G. Krintiras,8 V. Lemaitre,8 A. Magitteri,8 A. Mertens,8
M. Musich,8 K. Piotrzkowski,8 A. Saggio,8 M. Vidal Marono,8 S. Wertz,8 J. Zobec,8 F. L. Alves,9 G. A. Alves,9
M. Correa Martins Junior,9 G. Correia Silva,9 C. Hensel,9 A. Moraes,9 M. E. Pol,9 P. Rebello Teles,9
E. Belchior Batista Das Chagas,10 W. Carvalho,10 J. Chinellato,10,d E. Coelho,10 E. M. Da Costa,10 G. G. Da Silveira,10,e
D. De Jesus Damiao,10 C. De Oliveira Martins,10 S. Fonseca De Souza,10 H. Malbouisson,10 D. Matos Figueiredo,10
M. Melo De Almeida,10 C. Mora Herrera,10 L. Mundim,10 H. Nogima,10 W. L. Prado Da Silva,10 L. J. Sanchez Rosas,10
A. Santoro,10 A. Sznajder,10 M. Thiel,10 E. J. Tonelli Manganote,10,d F. Torres Da Silva De Araujo,10 A. Vilela Pereira,10
S. Ahuja,11a C. A. Bernardes,11a L. Calligaris,11a T. R. Fernandez Perez Tomei,11a E. M. Gregores,11a,11b
P. G. Mercadante,11a,11b S. F. Novaes,11a Sandra S. Padula,11a A. Aleksandrov,12 R. Hadjiiska,12 P. Iaydjiev,12 A. Marinov,12
M. Misheva,12 M. Rodozov,12 M. Shopova,12 G. Sultanov,12 A. Dimitrov,13 L. Litov,13 B. Pavlov,13 P. Petkov,13 W. Fang,14,f
X. Gao,14,f L. Yuan,14 M. Ahmad,15 J. G. Bian,15 G. M. Chen,15 H. S. Chen,15 M. Chen,15 Y. Chen,15 C. H. Jiang,15
D. Leggat,15 H. Liao,15 Z. Liu,15 F. Romeo,15 S. M. Shaheen,15,g A. Spiezia,15 J. Tao,15 Z. Wang,15 E. Yazgan,15 H. Zhang,15
S. Zhang,15,g J. Zhao,15 Y. Ban,16 G. Chen,16 A. Levin,16 J. Li,16 L. Li,16 Q. Li,16 Y. Mao,16 S. J. Qian,16 D. Wang,16 Z. Xu,16
Y. Wang,17 C. Avila,18 A. Cabrera,18 C. A. Carrillo Montoya,18 L. F. Chaparro Sierra,18 C. Florez,18
C. F. González Hernández,18 M. A. Segura Delgado,18 B. Courbon,19 N. Godinovic,19 D. Lelas,19 I. Puljak,19 T. Sculac,19
Z. Antunovic,20 M. Kovac,20 V. Brigljevic,21 D. Ferencek,21 K. Kadija,21 B. Mesic,21 A. Starodumov,21,h T. Susa,21
M.W. Ather,22 A. Attikis,22 M. Kolosova,22 G. Mavromanolakis,22 J. Mousa,22 C. Nicolaou,22 F. Ptochos,22 P. A. Razis,22
H. Rykaczewski,22 M. Finger,23,i M. Finger Jr.,23,i E. Ayala,24 E. Carrera Jarrin,25 H. Abdalla,26,j A. A. Abdelalim,26,k,l
E. Salama,26,m,n S. Bhowmik,27 A. Carvalho Antunes De Oliveira,27 R. K. Dewanjee,27 K. Ehataht,27 M. Kadastik,27
M. Raidal,27 C. Veelken,27 P. Eerola,28 H. Kirschenmann,28 J. Pekkanen,28 M. Voutilainen,28 J. Havukainen,29
J. K. Heikkilä,29 T. Järvinen,29 V. Karimäki,29 R. Kinnunen,29 T. Lampén,29 K. Lassila-Perini,29 S. Laurila,29 S. Lehti,29
T. Lindén,29 P. Luukka,29 T. Mäenpää,29 H. Siikonen,29 E. Tuominen,29 J. Tuominiemi,29 T. Tuuva,30 M. Besancon,31
F. Couderc,31 M. Dejardin,31 D. Denegri,31 J. L. Faure,31 F. Ferri,31 S. Ganjour,31 A. Givernaud,31 P. Gras,31
G. Hamel de Monchenault,31 P. Jarry,31 C. Leloup,31 E. Locci,31 J. Malcles,31 G. Negro,31 J. Rander,31 A. Rosowsky,31
M. Ö. Sahin,31 M. Titov,31 A. Abdulsalam,32,o C. Amendola,32 I. Antropov,32 F. Beaudette,32 P. Busson,32 C. Charlot,32
PHYSICAL REVIEW LETTERS 121, 221802 (2018)
221802-7
R. Granier de Cassagnac,32 I. Kucher,32 A. Lobanov,32 J. Martin Blanco,32 C. Martin Perez,32 M. Nguyen,32 C. Ochando,32
G. Ortona,32 P. Paganini,32 P. Pigard,32 J. Rembser,32 R. Salerno,32 J. B. Sauvan,32 Y. Sirois,32 A. G. Stahl Leiton,32
A. Zabi,32 A. Zghiche,32 J.-L. Agram,33,p J. Andrea,33 D. Bloch,33 J.-M. Brom,33 E. C. Chabert,33 V. Cherepanov,33
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31IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
32Laboratoire Leprince-Ringuet, Ecole polytechnique, CNRS/IN2P3, Université Paris-Saclay, Palaiseau, France
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69bUniversità di Genova, Genova, Italy
70aINFN Sezione di Milano-Bicocca, Milano, Italy
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77cUniversità del Piemonte Orientale, Novara, Italy
78aINFN Sezione di Trieste, Trieste, Italy
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